Auckland acidosis and also damages the central nervous system New Zealand [2]. Methylmalonyl-CoA is also an intermediate in the 3 Institute of Molecular Biosciences breakdown of the branched amino acids valine, leucine, Massey University and isoleucine, again through the pathway leading from Palmerston North propionyl-CoA to succinyl-CoA. This pathway can also New Zealand operate in reverse, however; for example, the Propionibacteria can derive energy by the conversion of lactate through succinyl-CoA to propionyl-CoA, ultimately ex-Summary creting propionate. Methylmalonate is also used in the biosynthesis of important polyketide antibiotics such as Background: Methylmalonyl-CoA epimerase (MMCE) erythromycin, which requires propionate and methylis an essential enzyme in the breakdown of odd-nummalonate units [4-5]. bered fatty acids and of the amino acids valine, isoleu-As a chiral molecule, methylmalonyl-CoA must be in cine, and methionine. Present in many bacteria and in the correct isomeric form for use by the enzymes of this animals, it catalyzes the conversion of (2R)-methylmalopathway. Thus, in the conversion of propionyl-CoA to nyl-CoA to (2S)-methylmalonyl-CoA, the substrate for succinyl-CoA, the first (carboxylation) step produces the the B 12 -dependent enzyme, methylmalonyl-CoA mutase. S epimer of methylmalonyl-CoA, whereas the third step, Defects in this pathway can result in severe acidosis catalyzed by methylmalonyl-CoA mutase, requires the and cause damage to the central nervous system in R epimer as a substrate [1]. The key intervening epimerihumans. zation reaction is catalyzed by the enzyme methylmalonyl-CoA epimerase (MMCE: E.C. number 5.1.99.1), Results: The crystal structure of MMCE from Propioniwhich interconverts (2S)-methylmalonyl-CoA and (2R)bacterium shermanii has been determined at 2.0 Å resomethylmalonyl-CoA. Likewise, since the incorporation lution. The MMCE monomer is folded into two tandem of 2-methylmalonate extender units into polyketide anti-␤␣␤␤␤ modules that pack edge-to-edge to generate an biotics is also stereospecific [4], MMCE may play a role 8-stranded ␤ sheet. Two monomers then pack backin determining this stereospecficity, depending on the to-back to create a tightly associated dimer. In each source of the 2-methylmalonate units. monomer, the ␤ sheet curves around to create a deep MMCE has been identified in both bacteria and anicleft, in the floor of which His12, Gln65, His91, and mals [6-7]. A search through currently available ge-Glu141 provide a binding site for a divalent metal ion, nomes using the sequence of the MMCE from Propionias shown by the binding of Co 2ϩ . Modeling 2-methylmalbacterium shermanii [8] shows that homologs are onate into the active site identifies two glutamate resipresent in many (but not all) microbial species, including dues as the likely essential bases for the epimerization both archaea and eubacteria; we found 16 examples reaction.
late racemase, whose activity also depends on a diva-prises 4596 protein atoms, covering residues 3-147 of each molecule (the N-terminal residues 1-2 are not lent metal ion and two active site acid/base groups [10] , but structurally, it has no obvious relationship with this clearly visible), together with 90 water molecules and 6 sulfate ions. This model has good geometry (Table 1) , or any other racemase. Recent crystal structures for several other epimerases have revealed remarkable di-with only 1.3% of the residues in the Ramachandran plot being outliers, as defined by Kleywegt and Jones versity in their folding patterns [11] [12] . MMCE has, however, been suggested recently to be a member of a [20] . Pairwise root-mean-square (rms) differences in C␣ positions between the four monomers range between diverse enzyme superfamily referred to as the vicinal oxygen chelate (VOC) superfamily, in which the mem-0.37 Å and 0.54 Å . Subsequent to the refinement of the SeMet-substi-bers are linked by common mechanistic chemistry [13] [14] [15] .
tuted MMCE structure, the crystal structure of the native enzyme was refined against the slightly lower-resolution We undertook the determination of the three-dimensional structure of MMCE in order to see whether this (2.2 Å ) native data, in a different crystal form containing six MMCE monomers in the asymmetric unit. Full refine-constituted a new class of epimerase and to understand its metal ion dependence and catalytic mechanism, its ment details for this structure are in Table 1 . In both the SeMet and native crystal structures, the packing of the high thermostability, and its evolutionary relationships. The crystal structure, determined at 2.0 Å resolution, molecules indicates the presence of MMCE dimers (see below), with two dimers per asymmetric unit for the reveals the metal binding site and suggests a mode of substrate binding that leads to the identification of two SeMet form, three dimers for the native protein, and no evidence of higher oligomers. putative catalytic acid/base groups. It also reveals a striking structural and functional homology with glyoxa-Comparison of the SeMet-substituted and native MMCE structures shows that there are no differences lase I (GLO) [16] , confirming MMCE as a member of the VOC enzyme superfamily, with common elements in its that are attributable to the substitution of selenomethionine for methionine. The rms difference in main chain enzymatic mechanism. The mode of assembly of the MMCE monomer, from two tandem ␤␣␤␤␤ units, also positions is similar to that for the crystallographically independent molecules in the two structures, and links it to an intriguing evolutionary pathway in this family that includes gene duplication, gene fusion, and domain changes in side chain conformations are generally seen only for surface residues. Only at the one solvent-swapping from a common precursor [17] . exposed methionine residue, Met50, is there any difference in side chain conformation or in the conformations Results and Discussion of neighboring residues. We therefore use the higherresolution SeMet structure in the following description Structure Determination and Model Quality The structure of P. shermanii MMCE was solved by and discussion. multiwavelength anomalous diffraction (MAD) methods [18] , using crystals of the selenomethionine-substituted Monomer Structure The MMCE monomer (Figures 1a and 1c) has an ␣/␤ protein. An initial atomic model was built into the 2.4 Å resolution electron density map calculated from the fold that contains a striking two-fold internal repeat. It is made up of 2 modules of about 60 residues each, SeMet crystal data. This model, which comprised the four independent molecules present in the crystal asym-with each module having a ␤␣␤␤␤ fold in which the connectivity of the ␤ strands is 1-4-3-2 ( Figure 1b) . The metric unit, was refined at 2.0 Å resolution using CNS [19] to final R factors of 22.8% (R cryst ) and 26.1% (R free , ␤ sheets of the two modules pack edge-to-edge, with the first strand of the N-terminal module antiparallel to calculated with 10% of the data). The final model com- primarily from the three innermost strands of each module (␤ 1 , ␤ 4 , and ␤ 3 and ␤ 5 , ␤ 8 , and ␤ 7 ) and the helix that high B factors, and differ in their conformations between the various molecules in our crystals. One side of the joins the first strand (␤ 1 or ␤ 5 ) to the second (␤ 2 or ␤ 6 ). Differences occur between the two edge strands, ␤ 2 and cleft is also partially sealed off by the 3-turn ␣ helix mer, which is at the high end of dimer interfaces analyzed by Jones and Thornton [21] , clearly accounting for the very high dimer stability. Much of the interface is hydrophobic, with the side chains of Phe7, Ile10, Phe31, Trp33, Pro53, Leu89, Met92, Trp94, and Val138 among those buried between the monomers. There are also a total of eight hydrogen bonds made by the buried side chains of Asp5, Tyr15, Tyr26, His34, and Arg109.
Evolutionary Relationships
The three-dimensional structure of MMCE reveals relationships that are not clearly apparent at the level of the amino acid sequence. Comparisons against the current structural database, using DALI [22] , showed that MMCE belongs to a superfamily of proteins that includes glyoxalase I [16] , bleomycin resistance protein (BRP) [23] , and several bacterial extradiol dioxygenases [24] [25] [26] [27] . These proteins have diverse functions, but have a common fold in which ␤␣␤␤␤ modules closely resembling those in MMCE are combined in several different ways [17] . Many, but not all, are enzymes in which the fold provides a platform for binding an essential metal ion [15, 17] .
In Figure 2 , we highlight the variety of ways in which these modules are used. The functional unit of each protein can be thought of as a "cradle" created by the edge-to-edge packing of the ␤ sheets of two ␤␣␤␤␤ modules; the resulting 8-stranded ␤ sheet curves around to enclose the substrate binding cleft. In MMCE, the ␤␣␤␤␤ units that are organized into two domains; each The latter are also the main source of differences bedomain forms one "cradle", although only one of these tween the independent monomers of the asymmetric has a functional active site. unit and between the native and SeMet structures. When It has been suggested that this family has arisen from the sequences of the two modules are compared on the an ancestral single-module ␤␣␤␤␤ protein, through mulbasis of this structural alignment, only nine residues are tiple gene duplication and fusion events [17] . A proidentical (about 15% identity), and only two of these posed early event was the fusion of two ␤␣␤␤␤ modules identities, His12/His91 and Ala14/Ala93, seem to have to give an edge-to-edge-fused 2-module monomer. The clear structural or functional significance. Both are im- The individual ␤␣␤␤␤ modules can be superimposed strands ␤ 4 , ␤ 1 , and ␤ 5 , the loops ␤ 3 -␤ 4 and ␤ 7 -␤ 8 , and the across these structures with a high degree of fidelity, module 1 ␣ helix. Dimerization buries a total of 1710 Å 2 except that, as noted by Bergdoll et al. [17] , the oddof solvent-accessible surface from each monomer. This numbered modules always superimpose better on each other than on the even-numbered modules (and vice represents 20% of the total surface area of each mono-tion of this structural conservatism, since it can apparently interconvert between the domain-swapped dimer form characteristic of human GLO and a metastable, but enzymatically-active, monomer [28] . The latter should resemble the MMCE monomer.
MMCE monomer is such a species. A back-to-back diportant for the metal binding site. Other pairs of identimer, such as that represented by MMCE, can then be ties are not conserved in the MMCE sequences from seen as a likely precursor to the domain-swapped diother organisms. mers typified by GLO and BRP. Alternatively, fusion of the two MMCE-like monomers and mutations that inacti-
At the level of the dimer, the similarity between MMCE and GLO persists, and using the same C␣ atoms for superposition, 200 C␣ atoms from the MMCE dimer match the equivalent atoms in the GLO dimer with an rms positional difference of 1.65 Å . This is a slightly larger figure than for the individual monomers, implying some slight adjustment, and when one pair of monomers is superimposed, it takes a rotation of 8.2Њ to fully match the other pair.
We conclude that, in these proteins, it is the dimer that provides the common stable structural unit. Interactions between the two ␤␣␤␤␤ modules that make up the active site "cradle" seem insufficient to give such close correspondence between conventional (MMCE) and domainswapped (GLO) versions; rather it is the extensive interface between the backs of the two "cradles" (the MMCE dimer interface) that stabilizes the overall structure. A very stable MMCE-like dimer would provide the basis for domain swapping without disturbing structure and function.
Sequence identity across these structurally related (Table 1) , and diffracted made up of module 1 from chain A and module 2 from chain B, 100 C␣ atoms can be superimposed with an more poorly. Nevertheless, the solution of the structure by molecular replacement showed that the overall struc-rms difference of 1.28 Å ; this is not significantly different from the matching of the same atoms of the individually ture is essentially unchanged, except in some of the mobile external loops, but with a single strong peak of optimized modules (58 C␣ at 1.10 Å for the first modules, and 42 C␣ at 1.34 Å for the second modules). That is, additional electron density at the same position in each of the eight monomers (Figure 4) 
cis positions to be filled by water molecules. In the lower-striking. Both bind similar substrates (a thioester of 2-methylmalonate for MMCE, and a thiohemiacetal of 2-oxoal-resolution Co 2ϩ -MMCE structure, no water ligands can be reliably placed, but E. coli GLO has two (for the Co 2ϩ , dehyde for GLO), both have enzymatic reactions that involve proton transfer in their respective racemization Ni 2ϩ , and Cd 2ϩ complexes) [29], and human GLO has one [16]. This geometry seems to be essential for proper and isomerization reactions, and both are dependent on a divalent metal ion for activity. The structural and functioning. In human GLO, a transition state analog binds to the Zn 2ϩ by occupying two cis coordination functional similarities between MMCE and GLO thus enable us to propose a plausible model for substrate positions and displacing the water ligand [30]. In E. coli GLO, active metal ions (Co 2ϩ , Ni 2ϩ , and Cd 2ϩ ) have two binding to MMCE, in the absence of crystals of an MMCE-substrate complex. water molecules occupying cis octahedral sites, but when an "incorrect" metal ion (Zn 2ϩ ) is used, the geome-
We modeled 2-methylmalonate, in its R epimer, into the active site of MMCE by assuming that it chelates try is changed to trigonal bipyramidal, and activity is lost [29] . In the apo-MMCE structures (native and SeMet), the the Co 2ϩ ion, occupying the two "empty" cis-octahedral positions ( Figure 5) . For GLO, a bound transition state ligand residues are identically arranged to those in the Co 2ϩ -bound structure, indicating that the protein fold analog binds likewise [30], and the same binding mode has been proposed for MMCE from mechanistic similari-provides a stable, prepared platform for the binding of an appropriate divalent metal ion in the correct geometry.
ties in the VOC superfamily [15] . For 2-methylmalonate binding to MMCE, the two coordinating oxygens are the carbonyl oxygen on C3 and one of the carboxyl oxygens Substrate Binding and Catalysis on C1, giving a 6-membered chelate ring. The distance Mechanistic studies on MMCE in tritiated water [9, 31] between these two oxygens in the Co(II)-(2-methylmaloare consistent with a two-base mechanism, such as is nate) complex used for modeling [32] is 2.77 Å , almost used in proline racemase, mandelate racemase, and identical with that found in the GLO-substrate analog many other racemases [10] . In this mechanism, one base complex (2.63 Å ), further validating the model. removes the C2 proton from one side of the 2-meth-Our model of 2-methylmalonate binding has three noylmalonyl-CoA substrate, the C2 configuration inverts, table features. First, the position of the noncoordinated and the conjugate acid of a second base donates a C1 carboxyl oxygen coincides with that of a sulfate ion proton to C2 from the opposite side. A feature of this that is found in all three MMCE structures. This sulfate mechanism is that the base that withdraws the proton ion sits between the metal ion and the ␤ 6 -␤ 7 loop (resiis protected and does not exchange with solvent until dues 121-125) that projects into the active site. In GLO, the product dissociates. MMCE catalyzes the racemizathe equivalent loop (152-159) moves down over the subtion reaction in both directions, and the negligible levels strate as a lid [27] . In MMCE, this loop is also flexible, of exchange into remaining substrate for either direction as judged from its variability in the different crystal structherefore imply that both bases are monoprotic.
tures, and we propose that it likewise folds over the The structural similarities outlined above place MMCE carboxylate group of the 2-methylmalonate substrate in firmly in the same protein superfamily as GLO and the MMCE. dioxygenases. This family has been termed the vicinal Second, we identify two likely residues for the cataoxygen chelate (VOC) superfamily [13-15] because of lytic bases in MMCE. On one side of the (2R)-methylmaevident similarities in the mechanistic chemistry of enlonate group is Glu48, ‫3ف‬ Å from the C2 atom, in position zyme members; in each case, proton abstraction and to abstract the proton (Figure 5) . On the other side, the transfer is involved, and substrate binding to a metal noncoordinated carboxyl oxygen of the metal ligand ion stabilizes the anionic intermediate. The functional similarities between MMCE and GLO are particularly Glu141 is ‫4ف‬ Å from C2, and would be ‫3ف‬ Å away upon . The native structure was refined using the coli strain BL21 (DE3), and the expressed protein was purified as protocol described for the SeMet structure. The Co 2ϩ -substituted described [33] . A key step was a 15 min heat treatment at 70ЊC in structure was refined using a similar protocol, but with strict NCS which most E. coli proteins were denatured and substantially pure constraints throughout because of the lower resolution. Full details MMCE was obtained. The protein was then further purified by amof the three refinements are given in Table 1 . monium sulfate fraction, gel filtration, and ion exchange chromatography and concentrated by ultrafiltration to a final concentration of Other Methods about 20 mg ml Ϫ1 .
Calculations of solvent-accessible surface were made with AREA-Selenomethionine-substituted MMCE was prepared similarly, ex-IMOL, using a 1.4 Å radius sphere as a probe, and structural supercept that the gene was cloned into the expression vector pProEXHt positions were performed with LSQKAB; both programs are from (Life Technologies), which results in a fusion to an N-terminal Histhe CCP4 program suite [41]. In the structural superpositions, the tag with a tobacco etch virus (TEV) protease cleavage site. This C␣ atoms of the secondary structural elements were first superimplasmid was transformed into the methionine auxotrophic E. coli posed. Additional C␣ atoms were then progressively added to or strain BL41 (DE3), the transformed bacteria were grown in LeMaster deleted from this structural "core", using a 3 cutoff. Binding of the medium supplemented with 0.5 mM selenomethionine (SeMet), and (2R)-methylmalonate moiety was modeled into the active site by the SeMet-substituted MMCE was purified as described [33] . 
